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a b s t r a c t 
Two high-temperature FeCrAl and FeNiCrAl alloys were exposed in a strongly nitriding environment at 
900 °C and the morphology of nitridation was studied. Quasi-in-situ experiments revealed that nitrida- 
tion started at specific surface sites directly related to the alloy microstructure where the alumina scale 
was permeable to nitrogen. FeCrAl alloy grains with (112) orientation formed outward-growing alumina 
scales and were susceptible to nitridation. Outward-growing scales and substrate nitridation was also ob- 
served at chromium carbide precipitates in the FeNiCrAl alloy. Both alloys suffered nitridation at reactive 
element-rich (Y and Zr) inclusions larger than a certain critical size. The latter type of attack is caused 
by cracks and pores in the scale. The findings open new avenues of research for developing the next 
generation of high temperature alloys with superior properties. 
© 2020 Acta Materialia Inc. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 



































The ability of high-temperature alloys to resist corrosion due to 
eactions with, e.g., O, N, C, and S, relies on the formation of a pro-
ective oxide layer, i.e., the oxide scale, which separates the alloy 
rom the environment. Most high-temperature alloys are designed 
o form chromia (Cr 2 O 3 ) or alumina (Al 2 O 3 ) scales. In air and
t temperatures < 10 0 0 °C, chromia-forming alloys are often used. 
t higher temperatures, high-temperature alloys forming protec- 
ive alumina scales, for example Fe-based (FeCrAls) [1–3] , Ni-based 
NiCrAls) [1–6] , and Co-based (CoCrAls) [1,3] , are preferred. This is 
ecause α-Al 2 O 3 scales grow very slowly and because alumina is 
hermodynamically quite stable and chemically inert [7–12] . To im- 
rove the protective properties of the alumina scale, especially its 
dhesion, small amounts of certain “reactive elements” (REs) such 
s Y and Zr are added to the alloys. RE alloying increases the life-
ime of components by several orders of magnitude [13–16] . ∗ Corresponding author 






359-6454/© 2020 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access a
 http://creativecommons.org/licenses/by-nc-nd/4.0/ ) Low-oxygen-activity environments which contain other oxi- 
ants, such as N and C, are very demanding from a corrosion 
oint of view because of the difficulty in forming and maintaining 
 protective oxide scale. Scale failure can result in rapid nitrida- 
ion or carburization. One example is the N 2 + H 2 environments 
sed in heat treatment furnaces, industrial processing, and sinter- 
ng operations, where construction materials tend to suffer nitrida- 
ion. Although chromia-forming nickel-based alloys are presently 
he industry standard for such applications, nitridation issues are 
ar from being solved, especially when the water content is low 
nd temperature is high ( > 10 0 0 °C) [8] . Indeed, chromia scales ap-
ear to be inherently permeable to nitrogen, hence providing poor 
rotection in such demanding environments [17] . 
Alumina-forming alloys are used less often in high-temperature 
itriding environments. One potential issue is AlN precipitation, 
hich causes the remaining alloy to be depleted in aluminum, thus 
ffectively removing the alloy component required to form the pro- 
ective oxide scale. However, in a recent work on the nitridation 
f FeCrAl (Kanthal APMT) in a very dry N 2 + H 2 environment at 
00 °C, Geers et al. [17] reported that the alloy showed a promis- 
ng ability to resist nitridation. Thus, nitridation was reported to be rticle under the CC BY-NC-ND license 


































































































estricted to relatively small “pockets” at the surface, with most of 
he alloy being unaffected after four weeks of cyclic exposure. This 
mplies that the thermally grown alumina scale has an inherent 
bility to protect against nitrogen ingress into the alloy and that 
he nitridation can be attributed to imperfections in the alumina 
ayer that allow nitrogen to circumvent it. This suggest that if such 
cale imperfections can be avoided, alumina-forming alloys can be 
uperior to chromia scales in a nitriding environment. 
The main focus of this paper is to describe how alumina scales 
ail in a nitriding environment and why they do not heal again. 
he idea is that detailed knowledge of the reasons behind the scale 
ailure will enable the development of new alumina-forming alloys 
ith better ability to resist nitridation. To this end, failure modes 
f alumina scales formed on two alloys (FeCrAl Kanthal APMT 
nd FeNiCrAl Nikrothal PM58) were investigated in a low-oxygen- 
ctivity, strongly nitriding environment. The two alloys under in- 
estigation are among the best performing of all alumina form- 
rs with respect to high-temperature oxidation in air and they are 
ot prone to internal oxidation [2] . Nitridation is relatively slow 
t the experimental temperature (900 °C), which enables a detailed 
nvestigation of its initial stages. Quasi-in-situ experiments were 
arried out to correlate oxidation behavior with the size and crys- 
allographic orientation of the alloy grains, with refractory carbide 
nclusions and with RE-rich particles in the alloys. 
. Experimental 
.1. Materials 
The alloys investigated were Kanthal APMT and Nikrothal PM58, 
see the chemical composition in Table 1 ). Both materials are ox- 
de dispersion-strengthened alumina-forming alloys with superior 
igh-temperature properties and contain a high number density of 
E–rich nanoparticles. Kanthal APMT is a ferritic FeCrAl alloy de- 
igned for use at temperatures of up to 1300 °C. Nikrothal PM58 is 
n austenitic FeNiCrAl alloy designed for use up to 1200 °C in air. 
he alloys were fabricated by Kanthal AB. The production of both 
lloys comprises melting of the raw materials, powder production 
ia gas atomization, hot isostatic pressing, and hot processing fol- 
owed by cold forming [18] . 
.2. Nitriding exposures 
The test coupons (dimensions 2.0 × 15.0 × 15.0 mm 3 ) were 
ut from strip material and ground on SiC paper to 40 0 0 grit. The
oupons were then polished using 1 μm diamond suspension and 
horoughly cleaned before exposure. In the quasi-in-situ experi- 
ents the samples were polished using 0.25 μm diamond suspen- 
ion. 
The samples were exposed to a strongly nitriding environment 
omprising 95% N 2 + 5% H 2 /D 2 + ~35 ppm H 2 O/D 2 O at 900 °C up
o one month. Details of the exposures can be found in [19] . The
xposure setup comprised a horizontal three-zone tube furnace fit- 
ed with a 1.00-m tube made from sintered corundum with an in- 
er diameter of 45 mm. The tube was purged with a stream of 
 2 + H 2 gas for several hours before the experiment. The water 
ontent in the gas was estimated on the basis of complete conver- 
ion into H O of the traces of O detected in the nitrogen stream.2 2 
able 1 
ominal chemical composition (wt. %) of the alloys. 
Fe Ni Cr Al Mo Si Other 
Kanthal APMT TM Balance – 21 5 3 – Y, Zr, Hf 









132 he O 2 measurements were done with an oxygen sensor Rapidox 
100ZF equipment. 
.3. Postexposure analysis 
An FEI Quanta 200 environmental scanning electron microscopy 
ESEM) equipped with a field emission gun (FEG) and an Ox- 
ord Inca energy-dispersive X-ray spectroscopy (EDXS) microanal- 
sis system, and a LEO Ultra 55 FEG-SEM equipped with an HKL 
hannel 5 electron backscatter diffraction (EBSD) system were 
sed to study both the microstructure of the uncorroded samples 
nd the corrosion morphology after the exposures. The SEMs were 
perated at 20 kV during the EBSD examinations and at 10–15 kV 
uring the EDXS analysis. An FEI Versa 3D combined focused ion 
eam/SEM (FIB/SEM) workstation was used to produce cross sec- 
ions and thin foils from the oxide scales and subjacent metal. A 
re-tilted (45 °) sample holder was used for the SEM-EDXS analysis 
f the FIB-prepared cross sections. Quasi-in-situ experiments were 
arried out using FIB milling and extensive microscopy before and 
fter the exposures. In addition, a Leica EM TIC 3X broad ion beam 
illing (BIB) system was used to make large cross sections (up to 
1-1.5 mm wide and several hundred microns deep). 
The FIB-prepared thin foils were studied by scanning transmis- 
ion electron microscopy (STEM) in an FEI Titan 80-300 TEM-STEM 
ystem equipped with an Oxford Instruments EDXS detector and 
n FEG. STEM images were captured using bright field (BF) and 
igh-angle annular dark field (HAADF) detectors. The SEM-based 
ransmission Kikuchi diffraction (TKD) method was used to identify 
he crystalline compounds that formed during exposures using a 
ome-built TKD stage designed for oxidation studies [20] . Statisti- 
al analysis was carried out using SEM and STEM images processed 
y Adobe Photoshop CS4 and Image Pro-Plus. Time-of-flight sec- 
ndary ion mass spectrometry (ToF-SIMS) analysis was conducted 
sing a TOF.SIMS 5 instrument equipped with a 25-keV Bi 3 
+ clus- 
er ion gun as the primary ion source and a 10-keV Cs + ion source
or sputtering and etching. More details of the TOF-SIMS analysis 
an be found elsewhere [19] . 
. Results 
.1. Alloy microstructure 
Kanthal APMT is a FeCrAl alloy with a fine microstructure with 
n average grain size of 8.8 μm ( Fig. 1 a and b ) and is very weakly
extured. The microstructure is quite stable during service be- 
ause of a homogeneous high-density distribution of RE-rich nano- 
ized refractory inclusions containing oxygen, carbon, and nitro- 
en [18] (a representative STEM image showing the inclusions in 
his alloy is provided in Fig. 1 c ). The refractory inclusions do not 
oarsen upon extended exposure at high temperature [18] . The re- 
ults of the statistical analysis of the SEM and STEM micrographs 
evealed that the RE-rich (mainly containing Y and Zr) particles 
ere mainly in the 10–300 nm, with the RE particles being om- 
ipresent in the alloy microstructure (see Fig. 1 d). A small num- 
er of larger ( > 300 nm) RE-rich particles were also present. It has 
een shown that the RE microalloying additions are present as dis- 
rete particles and not as solute atoms [19] . Nikrothal PM58 is an 
ustenitic NiCrFeAl alloy with excellent high-temperature oxidation 
roperties, and similar to the FeCrAl alloy, it has a high density 
f RE-rich particles [2] . The chemical composition and microstruc- 
ure of the two alloys are fully optimized with respect to oxidation 
roperties at elevated temperatures. 
A.N. Mortazavi, M. Esmaily, C. Geers et al. Acta Materialia 201 (2020) 131–146 
Fig. 1. Microstructure of the FeCrAl alloy. ( a ) EBSD band contrast map showing the alloy grain structure, ( b ) grain size distribution (from EBSD analysis), ( c ) STEM micrograph 
showing the fine distribution of nanosized inclusions, and ( d ) size distribution of RE-rich particles. 
Fig. 2. Overview of nitridation of the FeCrAl alloy. ( a–c ) SEM backscattered electron images showing plan-view images and a BIB-prepared cross section of the alloy after 24 












































.2. Alloy nitridation 
An overview of the corrosion morphology of the FeCrAl alloy af- 
er 24 and 720 h in the nitriding environment is given in Fig. 2 a–c .
s can be seen in Fig. 2 b, most of the surface was covered by a
mooth and protective alumina layer, i.e., the “base alumina”. Scat- 
ered nitrided zones of different sizes were observed irrespective 
f exposure time. In many cases, the shape of the nitrided zones 
as roughly semi-spherical. The results of the statistical analysis 
 Fig. 2 d and e ) showed that, although the number of nitrided zones
ncreased roughly four times between 24 and 720 h, the average 
iameter decreased ( Fig. 2 e ). The changing size distribution as a 
unction of exposure time implies that the nitrided zones do not 
row laterally and that the “new” nitrided zones appearing are 
elatively small. A comparison of the cross sections after 24, 168, 
nd 720 h showed very little thickness growth of the base alumina 
ayer. 
Cross-sectional analysis of the FIB-prepared specimens after 24 
nd 720 h of nitridation at 900 °C are given in Fig. 3 a and b , re-
pectively. The nitridation products designated in Fig. 3 were anal- 
sed and identified experimentally by EDXS and TKD. Elemental 
apping shows that the nitrided zones were lined with an almost 
ontinuous layer of AlN precipitates [8,17,21,22] , which separated 
hem from the remaining sound alloy. Needle-like AlN precipi- 133 ates were also found within the nitrided zones, intermingled with 
quiaxed Cr 2 N precipitates [8,17,21] . CrN particles were detected in 
he top part of the nitrided zone, just beneath the surface. The ni- 
ride precipitates formed both on the alloy grain boundaries (GBs) 
nd within the grains. EDXS elemental maps revealed that the ni- 
rided zone was covered by a thin alumina scale (see the Al map 
n Fig. 3 b ). The morphology of the nitridation of the FeNiCrAl alloy 
as similar to that of the FeCrAl alloy. A cross section of a typical 
itrided zone in the FeNiCrAl alloy (168 h) is shown in Fig. 3 c . 
The Al content in the remaining metal within the nitrided zone 
as below the detection limit of the SEM-EDXS analysis ( < 0.1 at. 
). Considering the thermodynamic stability of AlN compared with 
hat of chromium nitrides [17,23] , the presence of Cr 2 N and CrN 
mplies that the remaining alloy in the pocket is essentially free 
rom Al. Because of Al depletion, the remaining metal in the ni- 
rided zones reacts with the traces of water in the gas to form a 
hromia scale. The small chromia islands observed on top of the 
itrided zone after 24 h (as identified by SEM-EDXS; see Fig. 3 a )
re attributed to this process. With time, the surface of the ni- 
rided zones becomes completely covered by chromia (see Fig. 3 b ) 
fter 720 h. 
Although the nitrided zones do not appear to grow laterally 
ith increasing exposure time ( Fig. 2 d ), several FIB cross sections 
repared after 24, 168, and 720 h showed that the nitrided zones 
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Fig. 3. SEM-FIB-EDXS cross-sectional analysis of nitrided zones in the FeCrAl alloy and the FeNiCrAl alloy after exposure in H 2 + N 2 + ~35 ppm H 2 O at 900 °C ( a and b ) 
Representative areas revealing the morphology and chemistry of the nitrided zones formed after 24 and 720 h, respectively; ( c ) a typical nitrided zone in the FeNiCrAl alloy 


















STEM-EDXS point analysis (in at. %) from two areas des- 
ignated in Fig. 4 d. 
Area/element Fe Cr Mo Si Al 
P2 92.3 6.04 0.15 1.40 - 








t  row inward, into the alloy, during the exposure. The continued in- 
ard growth of the nitrided zones is in accordance with a recent 
tudy reporting that chromia scales on Al-bearing alloys are per- 
eable to nitrogen [17] . The measured Cr concentration in the re- 
aining alloy after 720 h of nitridation was 5–12 wt.%, decreasing 
oward the sample/gas interface. 
To investigate the morphology and chemistry of nitridation in 
etail, several small nitrided zones on the FeCrAl alloy surface 
ere selected and investigated at high resolution using FIB-STEM- 
DXS. Figs. 4 and 5 show two representative examples from a sam- 
le exposed for 24 h. The SEM surface analysis in Fig. 4 a shows
he presence of two equiaxed particles (P1 and P2) on top of 
he nitrided zone. Using FIB, a thin foil was prepared, which in- 
luded both the particles on the surface and the nitrided substrate 
 Fig. 4 b–e ). The composition of the nitrided zone ( Fig. 4 b ) was sim-
lar to that of the larger nitrided zones in Fig. 3 . Analogous with
ig. 3 , the base oxide consisted of α-alumina. Submicron cracks u
134 ere also observed in the alumina layer at the periphery of the 
itrided zone (see the arrow in Fig. 4 c ). 
Analysis of the two particles (P1 and P2) on the scale surface 
y STEM-EDXS ( Fig. 4 d and e ) showed that P2 consisted of iron-
ich metal with small amounts of SiO 2 on its surface while P1 
onsisted of Mo-containing CrN (elemental maps in Fig. 4 e ). STEM- 
DXS analysis revealed that the chemical composition of the metal 
article P2 was similar to the remaining metal immediately below 
he surface (P2 and M3 in Fig. 4 d and the corresponding EDXS val-
es in Table 2 ). 
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Fig. 4. Detailed morphology of a a small nitrided zone in the FeCrAl alloy after 24 h exposure to N 2 + H 2 + ~35 ppm H 2 O at 900 °C. ( a ) SEM image of the surface; ( b ) 
STEM HAADF image showing a cross section at the position indicated in Fig. 3 a ; ( c ) a higher magnification image showing a sub-micron crack in the scale on top of the 
nitrided zone; ( d and e ) STEM-EDXS analysis of two equiaxed particles P1 and P2 on top of the nitrided zone. The STEM-EDXS analysis revealed that P2 had similar chemical 



















































p  Another representative example of a nitrided zone in the Fe- 
rAl alloy (24 h exposure) is shown in Fig. 5 . It is relatively small
nd is similar to the nitrided zones in Figs. 3 and 4 . The surface
f the nitrided zone is covered by a very thin alumina layer (com- 
are the thicker scale on the sound alloy to the left in Fig. 5 a ).
n inspection of Fig. 5 b and c shows that the scale on the nitrided
one has a three-layer structure with a total thickness of about 100 
m. It features a middle layer consisting of remaining metal, which 
s sandwiched between a top alumina layer and a discontinuous 
ottom AlN layer. The alumina layer contains defects and cracks 
 Fig. 5 c ) and incorporates CrN and Cr 2 N particles. 
The thermodynamics of the nitridation process is illustrated in 
ig. 6 . The alloy composition in the calculations corresponds to 
hat of the FeCrAl alloy. According to Fig. 6 a , the traces of H 2 O
resent in the exposure gas (about 35 ppm) are sufficient to sta- 
ilize Cr 2 O 3 on the alloy surface. This is in agreement with the 
bservation of Cr 2 O 3 on the surface of the nitrided zones (as is- 
ands ( Fig. 3 a ) and as a continuous layer; see the Al map in Fig. 3 b
nd in refs. [17,19] ). A calculated phase stability diagram for alloy 
itridation is shown in Fig. 6 b . It illustrates the well-known stabi- 
ization of austenite by N [24–28] , the remaining alloy in the ni- 
rided zones going from ferritic to austenitic after completed AlN 
recipitation. The star in Fig. 6 b corresponds to saturation of the 
lloy with respect to N (95% N 2 ( g )). 
The corresponding equilibrium solid is a mixture of AlN, CrN 
nd austenite, the Cr content in the remaining metal being 2.6 wt. 
. The observation (by SEM-EDXS; see Fig. 3 ) that Cr 2 N is present
hroughout the nitrided zones irrespective of exposure time (24, 
68, and 720 h), thus shows that the nitrided zones are not satu- 135 ated with N. Accordingly, the lowest Cr content measured in the 
emaining alloy was approximately 3.9 wt. %. Moreover, the obser- 
ation that CrN was only detected close to the gas interface (see 
.g. , Figs. 3 and 5 c ) indicates the presence of a nitrogen gradient.
ndeed, the presence of such a gradient is in accordance with the 
bservation that the nitrided zones continue to grow inward dur- 
ng the exposures. 
.3. Investigation of the failure modes of the alumina scale 
The main focus of this paper is to describe the imperfections in 
he alumina scale, which allow nitrogen to penetrate into the alloy, 
nd to explore how these imperfections appear and why they do 
ot heal. At this point, it may be noted that the corroded samples 
ot only exhibit the typical nitrided zones shown in Figs. 2–5 , but 
lso show evidence for nitridation on a smaller scale. These lim- 
ted attacks are considered to correspond to early stages of nitri- 
ation, which later develop into the characteristic nitrided zones. 
n order to explain why a protective alumina scale fails to form at 
ertain sites it is desirable to study the alloy surface, both before 
nd after the corrosion experiment, in a way that allows individ- 
al microstructural features to be identified and related to a cer- 
ain corrosion behavior. Moreover, it is important that the number 
f investigated microstructural features is large enough for the re- 
ults to be statistically significant. 
To achieve this, “marker exposures” were performed involving 
elatively large areas. First, a region of interest (ROI) was delin- 
ated on the unexposed sample surface using cross marks pre- 
ared by FIB (see Fig. 7 a ). These markings were then used to iden-
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Fig. 5. Detailed morphology of a typical nitrided zone in the FeCrAl alloy ( a ) STEM HAADF micrograph of a cross section of the nitrided zone shown in the SEM image insert; 
( b ) STEM-HAADF-EDXS analysis of the area indicated in ( a) . Note the layered scale, comprising a Fe-rich layer sandwiched between a top alumina layer and a bottom AlN 
layer; and ( c ) STEM BF micrograph of the area indicated in ( a ) showing the defective nature of the alumina layer, which incorporates chromium nitride particles. (Exposure 






























































ify all alloy grains in the ROI by defining their positions. In the ex- 
mple in Fig. 7 , nearly 1800 grains were identified in this way. Sub- 
equently, the microstructure ( e.g., grain size and chemical compo- 
ition) and crystallographic orientation of all grains in the ROI were 
haracterized using SEM-EDXS and EBSD mapping. After these ex- 
ensive preparations, the sample (with the ROI) was exposed to the 
itriding environment (95% N 2 + 5% H 2 + ~35 ppm H 2 O at 900 °C)
or 168 h. 
After the exposure, all alloy grains in the ROI were again identi- 
ed and subsequently analyzed with respect to the microstructure 
f oxidation and nitridation (see for instance Figs. 7–9 ). This al- 
owed the identification of all alloy grains in the ROI both before 
nd after the exposure, so that the corrosion morphology of each 
rain could be correlated with its crystallographic orientation and 
riginal microstructure. Investigating the oxidation performance of 
ndividual grains and correlating the local oxidation morphology 
ith the SEM-EDXS-EBSD microstructural analysis before exposure, 
howed that both the crystallographic orientation of the grains and 
he presence of precipitates strongly affected the “local” oxidation 
erformance of the alloy. In contrast, no effect of grain size was 
een. By this procedure three “alumina scale failure modes” were 
istinguished, which all resulted in nitridation of the alloy sub- 
trate and generation of the typical morphologies described in Figs. 
–5 . 
.4. Failure mode I: Orientation-dependent oxidation and nitridation 
After the exposure, the ROI exhibited four distinctive morpholo- 
ies: ( i ) the smooth base alumina covering > 95% of the surface, 
eing similar to the example shown in Fig. 2 b , ( ii ) areas covered
y “rough” alumina, corresponding to the darker isolated regions 
n Fig. 7 b and c , ( iii ) areas affected by nitridation, corresponding to
he bright features in Fig. 7 b , and ( iv ) areas showing signs of both136 itridation and a relatively rough alumina ( i.e. , a combination of 
 iii ) and ( ii )) ( Fig. 7 c ). After the exposure, all grains in the ROI that
xhibited a dark contrast (morphology ii = rough alumina) and a 
right contrast (morphology iii = nitrided substrate) were analyzed 
y FIB-SEM-EDXS. Analysis of the bright areas showed that they 
lways coincided with the nitrided zones, i.e. , cross-sectional anal- 
sis verified that these grains had suffered nitridation of the type 
llustrated in Figs. 4 and 5 . 
Several examples of such areas are shown in Fig. 7 d and e (the
our bright contrast grains, representing nitrided zones, are des- 
gnated as G N1 –G N4 , respectively, whereas the 18 grains represent- 
ng the rough alumina are designated as G1–G18, respectively). The 
rystallographic orientation of all 22 grains is illustrated by the 
BSD map in Fig. 7 e and by the inverse pole figure representation 
n Fig. 7 f . The same color codes for the grain orientations are used
n the EBSD map ( Fig. 7 e ) and in the inverse pole figure ( Fig. 7 f ).
t turned out that the occurrence of bright regions (morphology 
ii ), i.e. , grain nitridation, depended on crystallographic orientation. 
hus, an inspection of Fig. 7 d–f shows that the four bright (ni- 
rided) grains had an orientation close to (112). The dark grains 
morphology ii ) corresponding to a rough alumina but with no ni- 
ridation , also showed a strong tendency to be (112) oriented, ( < 5 °
ngular deviation from the (112) plane, i.e. β (112) = 0 °–5 °). To some 
xtent, morphology ii was also promoted on grains with orien- 
ations between (112) and (111). In contrast, grains exhibiting all 
ther orientations did not develop a rough alumina layer, nor did 
hey suffer nitridation, their alumina scales being smooth and ap- 
arently impermeable to nitrogen. 
The atomic arrangement of the four bcc planes indicated in the 
ole figure map is shown in Fig. 7 g . The atomic planar density ( =
umber of atoms/unit area) is highest for the (101) plane (0.27/R 2 ), 
econd highest for the (001) plane (0.19/R 2 ), and lowest for the 
112) plane (0.10/R 2 ), where R is the ion radius. Thus, the grain 
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Fig. 6. Stability diagrams calculated using ThermoCalc® - Database: TCFE10. ( a ) Cr–N–O stability diagram at 900 °C. The vertical dotted lines correspond to different concen- 
trations of H 2 O in the nitriding gas (calculated based on [29] ); and ( b ) nitridation of an alloy containing 69Fe, 23Cr, 5Al, and 3Mo (wt. %), corresponding to the composition 


































urfaces exhibiting the lowest atomic density (112-oriented; purple 
n Fig. 7 e ) are also most prone, both to form a rough alumina scale
nd to suffer nitridation. 
To elucidate the microstructure and the properties of the rough 
lumina scale formed on the (112) facets, a dedicated microscopy 
tudy was performed. Representative STEM images are in Fig. 8 . A 
ypical (112)-oriented grain covered by a thick and rough alumina 
cale is in Fig. 8 a . In contrast, the alumina layer on the neighbour-
ng (101)-oriented grain is relatively thin and smooth. This is in 
ccordance with Fig. 7 , showing that the crystallographic orienta- 
ion of the grains has a major effect on the alumina layer mor- 
hology. High-magnification STEM images from the boxed areas in 
ig. 8 a are shown in Fig. 8 b and c . It was evident that the alu-
ina scales forming on grain surfaces other than those of (112) 
nd (111) were free of defects and exhibited both inward- and 
utward-grown parts. In Fig. 8 b , the original alloy surface corre- 
ponds to the row of bright nanoparticles in the bottom part of the 
lumina layer. The nanoparticles consist of Cr 3 + - rich oxide and are 
emnants from the transient oxidation stage [30] . C
137 In contrast, the alumina forming on the (112)-oriented grains is 
ough and contains a high fraction of voids, both at the alloy/oxide 
nterface and within the scale (see for example Figs. 8 c and d ).
oreover, the (112)-oriented grains tended not to form an inward- 
rown alumina layer ( Fig. 8 c ). A nano-sized Zr-rich oxide particle 
ithin the alumina layer on a (112)-oriented grain is presented in 
ig. 8 d . It corresponds to the high density of nanosized RE particles 
resent on the alloy surface before the exposure (c.f., Fig. 1 c and d ).
etailed microscopy indicated that the alumina layer that formed 
n the vicinity of the Zr enrichment was nanocrystalline and free 
rom defects. Notably, while the alumina scale formed on the (112) 
riented grain was otherwise only outward-grown, the alumina in 
he vicinity of the Zr-rich area was inward-grown (this is further 
iscussed below in the subsection Failure Mode III ). 
.5. Failure mode II: Chromium carbide precipitates 
Microstructural characterization of the FeNiCrAl alloy showed 
hat it contains a high density of chromium-rich carbide particles. 
arbides are widely used for precipitation strengthening of high- 
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Fig. 7. Quasi-in-situ investigation of the influence of crystallographic orientation on nitridation of the FeCrAl alloy ( a ) SEM backscattered electron image showing the region 
of interest (ROI) and the grain structure before the exposure. FIB-prepared cross marks were used to locate the ROI and all individual grains within it, both before and 
after the corrosion exposure. ( b ) SEM image showing the same region after 168 h of exposure to N 2 + H 2 ( + ~35 ppm H 2 O) at 900 °C, ( c ) a tilted SEM image showing two 
common surface features; nitridation ( iii ) and rough alumina ( ii ), ( d and e ) SEM image showing the region of interest ( = the boxed area in ( b )) after the exposure and an 
EBSD map of the same area before the exposure, showing the correlation of grain orientation and corrosion morphology, ( f ) color-coded inverse pole figure map along the 
surface normal direction indicating the crystallographic orientation of the grains highlighted in ( d ) and ( e ). ( g ) Atomic planar density ( = number of atoms/unit area) for bcc 
surfaces with different crystallographic orientations. Note (1): G1, G2, … G18 are grains covered by rough alumina (compared to the base oxide). Note (2): G N1 , G N2 , G N3, and 
























p  emperature alloys [31] . Before the oxidation exposure, the exact 
osition of carbide particles at the surface were identified. An area 
f interest was then defined using FIB-milled markings, similar to 
he quasi- in-situ experiment described above ( Figs. 7 and 8 ). Sub- 
equently, the sample was exposed to the strongly nitriding envi- 
onment (5% H 2 + 95% N 2 + ~35ppm H 2 O at 900 °C, 168 h). After
he exposure, FIB-prepared thin foils were made for characteriza- 
ion by FIB-STEM-EDXS. 
The STEM micrograph in Fig. 9 a shows an alloy cross section 
hich includes a micron-size Cr-rich carbide (M 23 C 6 , as identified 
y EDXS) particle after exposure to the nitriding environment. An 
nspection of the N and Al maps in Fig. 9 b shows clear evidence
or nitride formation at the carbide particle/alloy interface, show- 138 ng that the chromium-rich carbide inclusions create weak spots in 
he alumina scale that allow nitrogen to penetrate to the alloy sub- 
trate. As noted above, this is an example of early nitridation that 
ater develops into the characteristic nitrided zones shown e.g. , in 
ig. 2 . 
Although most of the sample surface is covered by a relatively 
mooth alumina scale ( i.e. , the base alumina layer) with a thick- 
ess of 300 ± 40 nm, the oxide scale that formed in the vicinity 
f the carbide particle is rough and thicker (20 0 0 ± 500 nm). A 
KD investigation showed, as expected, that the base alumina layer 
onsists of α-Al 2 O 3 (area 1 in Fig. 9 a ). In contrast, the rough oxide
cale formed at the chromium carbide particle is made up of two 
hases. Part of it consists of α-Al O (area 2 in Fig. 9 a ), whereas2 3 
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Fig. 8. Detailed morphology of the alumina layer formed on differently oriented grains in the FeCrAl alloy; ( a ) STEM BF cross-section image showing four grains with orien- 
tations: (101), (112), close to (112). ( b ) STEM HAADF micrograph showing the microstructure of the alumina layer formed on the (101)-oriented grain. ( c ) High-magnification 
STEM HAADF image showing the alumina layer microstructure on the (112)-oriented grain. ( d ) STEM HAADF image of the alumina layer on the grain oriented within 5 ° of 


























































he thick scale directly on top of the carbide particle (area 3 in 
ig. 9 a ) is rich in magnesium. Based on a combination of TKD anal-
sis and STEM-EDXS analysis (12.5 Mg, 30.3 Al, and 54.5 O (in at. 
)) it was concluded that the latter consists of a MgAl 2 O 4 spinel. 
.6. Failure mode III: The dual role of RE-rich particles in FeCrAl and 
eCrNiAl alloys 
As demonstrated above ( Figs. 8 and 9 ), exposure to the nitrid- 
ng gas at 900 °C resulted in the formation of a 200 – 400 nm α-
lumina scale on the alloy surface. The alumina scale incorporated 
 high density of alumina pegs [32–36] , also referred to as oxide 
odules [19] , of different sizes all featuring RE (here Y and/or Zr)- 
ich cores. The density, size, composition, and distribution of the 
xide pegs mirrored those of the RE particles in the alloy, reveal- 
ng that the oxide pegs correspond to RE particles at the alloy sur- 
ace that have become fully oxidized and incorporated into the alu- 
ina scale. There were very few large oxide pegs (one is shown in 
ig. 10 a ), mirroring the equally scarce large Y-rich particles in the 
lloy ( Fig. 1 e ). 
The RE-containing alumina pegs share several characteristics: ( i ) 
he peg periphery is pore free and fast growing relative to the base 
xide ( Fig. 10 b ), and it consists of a nanogranular alumina, which
ontains relatively high concentrations of RE ions. In this case, the 
anograins are decorated with a Y 3 + layer of atomic thickness, 
hich creates a spiderweb pattern in STEM imaging ( Fig. 10 c ), ( ii )
he oxide pegs are multiphase, comprising amorphous alumina re- 
ions together with θ- and α-alumina grains and scattered YAG 
Y 3 Al 5 O 12 ) nanoparticles [19] ( Fig. 10 c ), and ( iii ) the RE gradient in
he peg indicates that RE ions (Y 3 + in Fig. 10 b ) are transported to-
ard the scale/alloy interface. As noted in [19] , the latter observa- 
ion (confirmed by STEM-EDXS) contradicts the classical oxidation 139 cenario where cations migrate towards a cathode situated at the 
cale/gas interface. 
The base alumina layer was further studied to explore the 
ate of the nanosized Y- or Z-rich particles in the alloy (~6 
articles/μm 3 ). In the example in Fig. 11 a , a small oxide peg cor-
esponding to a nanosized Zr-rich particle is shown. Investigation 
sing STEM-EDXS showed that the oxide pegs forming at the nano- 
ized Zr particles are similar to the large alumina peg in Fig. 10 a –
, i.e., featuring a RE-rich core and a nanogranular multiphase 
lumina periphery with RE ion- (Zr 4 + here) decorated nanograin 
oundaries. The unique properties of the alumina pegs are thus 
ndependent of both size and composition, e.g. whether they con- 
ain Y ( Fig. 10 ) or Zr ( Fig. 11 a ). In addition, compositional analysis
f the base alumina layer using STEM-EDXS (not shown) revealed 
hat it contained Y or Zr ions only at sites where the nanosized 
E-bearing oxide pegs had become incorporated into it. This is in 
ccordance with the recent finding [19] that REs in FeCrAl Kanthal 
PMT are solely present in particulate form. 
In a previous study using similar exposure conditions it was re- 
ealed that water penetrates the interfaces of Y- or Zr decorated 
ano-granular alumina pegs [19] . To study this effect further, TOF- 
IMS surface mapping and depth profiling were carried out on a 
eCrAl-sample that had been exposed to a nitriding environment 
here H 2 was replaced by D 2 , forming D 2 O with the traces of O 2 
n the hot gas. Analysis of the alloy surface ( Fig. 11 b ) revealed sev-
ral relatively large oxide pegs that were all enriched in Y. Impor- 
antly, deuterium was detected in the Y-rich pegs and only there. 
oreover, depth profiling of micro- and nano-sized Y-rich alumina 
egs (see Fig. 11 b and c ) revealed that they all contained deu- 
erium. The deuterium concentration profile in the oxide pegs was 
imilar to that of Y, with the exception of a deuterium pile-up 
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Fig. 9. Effect of carbide particles on the nitridation of the FeNiCrAl alloy. ( a ) STEM BF micrograph showing a M 23 C 6 carbide particle at the alloy surface after the exposure. 
It is covered by a relatively thick alumina scale, ( b ) STEM-EDXS analysis showing the formation of AlN at the alloy/particle phase boundary, and ( c ) SEM-TKD diffraction 
patterns acquired from three locations in the alumina scale ( a ) demonstrating the presence of a spinel region directly on top of the carbide particle. (H 2 + N 2 + ~3 ppm H 2 O 
for 168 h at 900 °C). 
Fig. 10. Incorporation of Y-rich particles into the oxide scale on the FeCrAl alloy. ( a ) SEM backscattered electron image of the alloy surface after the exposure (the boxed area 
relates to the analyses in Figs. 10 b and c ), ( b ) STEM BF image showing a cross-section from the boxed area in Fig. 10 a , which includes a large (2 μm) oxide (alumina) peg 
formed around a Y-rich inclusion, STEM-EDXS of the cross section showing the Y map (O and Al are not shown), and the logarithmic plot obtained by EDXS line scan and 
the approximate solution to Fick’s second law showing a logarithmic Y-concentration trend in the alumina nodule, and ( c ) high-resolution STEM HAADF micrograph showing 
a network pattern (5–30 nm) in the oxide nodule corresponding to Y-decorated alumina nanograins, as confirmed by STEM EDXS, and electron energy loss spectroscopy. 
Note: The oxidized specimen studied in a previous paper [19] was further investigated here. 
140 
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Fig. 11. Formation of the oxide scale via cooperation of REs and water on the FeCrAl alloy . ( a ) STEM HAADF image showing the incorporation of a nanosized RE (Zr) particle 
into the alumina scale, ( b ) TOF-SIMS 2D surface mapping of a sample exposed to N 2 + D 2 showing the distribution of Y and D on the surface of the alumina scale (the 
arrows indicate the co-occurrence of Y and D), ( c and d ) TOF-SIMS depth profiles of micro- and nanosized pegs in the alumina scale. The scale/alloy interfaces correspond to 





































bserved at the alloy/oxide interface. It was also noted that the 
ase alumina layer did not contain significant amounts of D (not 
hown). The Zr –rich oxide pegs were too small for analysis using 
OF-SIMS. 
In order to investigate the role of Zr- and Y-rich particles of 
arying sizes on nitridation, cross-sectional analysis using SEM- 
DXS and STEM-EDXS was performed on a large number of alu- 
ina pegs forming upon exposure of the FeCrAl to the nitrid- 
ng environment at 900 °C ( Fig. 12 ). As indicated above, Y and Zr
articles < 150 nm are omnipresent in the FeCrAl ( Fig. 1 e ). Such
anosized Zr and Y particles become completely embedded in the 
ase alumina layer upon oxidation ( Fig. 10 a ). In contrast, the small
umber of large alumina pegs were accompanied by cracks and 
ores at the interface between the base alumina layer and the pegs 
 Fig. 12 a ). Notably, the alloy substrate beneath these scale imper- 
ections often suffered nitridation (see the representative examples 
n Figs. 3 b and 12 a ). A similar relationship between the size of Y-
nd Zr-rich particles and the defects in the alumina scale in the 
icinity of the alumina pegs was also evident in oxygen-rich envi- 
onments (see Fig. 12 b ). 141 . Discussion 
The results show that the two FeCrAl and FeNiCrAl alumina- 
orming alloys studied exhibit similar morphologies of nitridation. 
he highly localized nature of corrosion implies that the nitrida- 
ion can be attributed to cracks and other imperfections in the 
hermally grown alumina scale, which allow the nitriding gas to 
ome into direct contact with the alloy; the alumina layer itself 
eing, in principle, impermeable by nitrogen. A previous study 
y Geers et al. [17] proposed that the presence of chromia do- 
ains in an otherwise defect-free and continuous alumina scale 
an cause nitridation. Using a combination of first principles cal- 
ulations and thermodynamic considerations, the authors showed 
hat Cr 2 O 3 scales on Al-containing alloys are expected to be per- 
eable to nitrogen at high temperatures. The formation of defect- 
ich metastable chromium oxy-nitrides was reported to provide 
iffusion paths for nitride ions across the scale. 
The present study takes a fresh look at the nitridation of alloys 
y characterizing the scale imperfections that cause nitridation and 
nvestigating how they are related to alloy microstructure. Three 
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Fig. 12. Investigating the oxidation morphology at micron-sized Y- and/or Zr- rich particles in the FeCrAl alloy exposed to two different environments. ( a ) FIB-SEM-EDXS 
analysis revealing nitridation in the vicinity of a micron-sized RE-rich particle, ( b-d ) FIB-STEM analysis showing the formation of voids at the fast-growing alumina/base 
alumina/alloy interfaces. Note: ( a, c, and d) are from the FeCrAl alloy exposed to H 2 + N 2 + ~35 ppm H 2 O for 168 h at 900 °C, whereas ( b ) is from the alloy exposed in 














































tridation. istinct modes of alumina scale failure were identified that provide 
athways for nitrogen across the scale: (a) poorly protective alu- 
ina barrier layers forming on alloy grains having a specific crys- 
allographic orientation, (b) chromium carbide precipitates, and (c) 
icrometer-sized RE-rich precipitates that cause cracks and pores 
n the scale. It is emphasized that the microstructural characteri- 
ation of “scale failure modes” (b) and (c) correspond to the early 
tages of nitridation which, with time, develop into the character- 
stic nitrided zones shown in Figs. 2–5 . 
The formation of open cracks that penetrate the alumina scale 
nables N 2 (g) to reach the bare alloy surface where the nitro- 
en molecules can dissociate and dissolve into the metal. How- 
ver, in, e.g., air or in N 2 -containing gases with high concentra- 
ions of water vapour, a new barrier alumina layer tends to form 
apidly on the metal exposed in the crack. This is because oxy- 
en outcompetes nitrogen for aluminium, forming an alumina layer 
n the metal surface. Thus, alumina is thermodynamically strongly 
avoured over aluminium nitride, e.g., G for the reaction: 
 AlN ( s ) + 3 H 2 O ( g ) → A l 2 O 3 ( s ) + N 2 ( g ) + 3 H 2 ( g ) (1) 
s -371.83 kJ/mol Al 2 O 3 at 900 °C (calculated by Factsage 7.3 [37] )
K = 2.56 × 10 15 ), meaning that even in the strongly nitriding at- 
osphere used in this study, AlN spontaneously forms alumina. 
owever, if the concentration of the oxygen-carrying molecule 
H O in this case) is low and/or if the transport paths are nar-2 
142 ow, the rate of oxygen uptake by the metal surface may be- 
ome limited by gas phase transport of H 2 O, allowing N 2 (hav- 
ng much higher concentration) to dissolve into the alloy and form 
lN. Importantly, AlN precipitation depletes the alloy in aluminium 
nd, thus, disallows crack healing by formation of a new barrier 
lumina layer. The experimental conditions in the present study 
900 °C, p(N 2 ) = 0.95 bar, p(H 2 ) = 0.05 bar, pH 2 O = 35 ppm), is
n example of the latter situation, i.e., even though the reaction 
 Eq. 1 ) is spontaneous in the gas, AlN is observed beneath cracks 
n the alumina scale. The relative thermodynamic stability of alu- 
ina compared to AlN is illustrated in Fig. 5 b , a comparison of the
 and N maps showing that the AlN precipitates in the alloy are 
artly converted to oxide. The importance of scale cracks for nitri- 
ation of alumina-forming alloys is in accordance with the findings 
f Han et al. [38] . They subjected a Ni-based alloy to cyclic expo- 
ure in lab air at 1100 °C and observed that the extent of nitridation 
ncreased with the number of thermal cycles and attributed this to 
ncreased cracking of the alumina scale. 
The current study of the alumina scales formed on two alloys 
dentifies three distinct failure modes which allow nitrogen to pen- 
trate and cause alloy nitridation. While the thermodynamic driv- 
ng force is the same and the phases appearing are similar, each 
ailure mode is associated with a characteristic morphology of ni- 
























































































































.1. Failure mode I: Orientation-dependent oxidation and nitridation 
The “marker” experiments on the FeCrAl alloy reveal that scale 
orphology and the susceptibility towards nitridation are both re- 
ated to the crystallographic orientation of the alloy grains. It may 
e noted that the overwhelming majority of grains formed a rel- 
tively even and defect-free alumina scale, exhibiting the typi- 
al duplex (inward-outward) layer morphology [39–41] (morphol- 
gy i, see Figs. 2 a - c , 7 b , 8 b ). In contrast, a small fraction of the
rains formed thick, porous and very uneven scales (morphology 
i, see Fig. 8 c and d ). Similar “rough” alumina scales have been re-
orted to form on FeCrAl alloys in this temperature range and have 
een attributed to outward-growing metastable aluminas (e.g., γ - 
l 2 O 3 ) [41–43] . Also, the metastable alumina in the “rough” scale 
s reportedly transformed to α-Al 2 O 3 with time [44,45] . Accord- 
ngly, the present finding that the “rough” scale consists of α- 
l 2 O 3 is attributed to the transformation of an originally formed 
etastable alumina to α-Al 2 O 3 during the course of the 24 h ex- 
osure at 900 °C. The “marker” experiments clearly show that only 
cc grains with (112)- and close to (111)- oriented surfaces de- 
elop the “rough” morphology. Hence, it is proposed that alloy 
rains with those orientations are less favourable for α-Al 2 O 3 for- 
ation, and therefore more likely to support the formation of a 
elatively fast-growing metastable alumina scale under the experi- 
ental conditions. 
A somewhat similar dependence of alumina scale growth on 
he crystallographic orientation of the bcc substrate was reported 
y Tolpygo and Clarke [46] . Investigating the initial oxidation of 
eCrAl alloy single-crystals at 10 0 0 °C, they observed undulations 
n the α-alumina scales which were more pronounced on (111) 
rientated grains than on (100)- and (110)- oriented surfaces, re- 
ulting in faster relaxation of scale growth stresses on the (111) 
rains. Moreover, investigating the influence of grain orientation on 
he formation of alumina on the ODS single-crystal FeCrAl Incoloy 
A956 at 800 and 1000 °C, Tyagi et al. [47] reported that alumina 
cales grown on (111) substrates were thicker than scales on (110) 
ubstrates. The notion that the characteristics of the transient ox- 
dation of alloys are influenced by substrate orientation has also 
een reported by Doychak et al. [48] , who investigated the early 
tages of oxide scale formation on β-NiAl alloy single-crystals upon 
xposure to air at 80 0 and 110 0 °C. They showed that metastable
lumina polymorphs form epitaxially on crystals with (112) and 
111) orientations [48] . 
In the present study, it is striking that the very same (112) grain 
rientation that tends to grow a “rough” alumina scale is also the 
nly grain orientation suffering nitridation (see Fig. 7 ), there being 
o evidence for nitridation of FeCrAl grains with other orientations, 
xcept in the vicinity of carbide particles and large RE-rich pre- 
ipitates. This indicates that the alumina scale forming on (112)- 
riented alloy grains is permeable to nitrogen, while the alumina 
cale formed on grains with other orientations is not. This, in term, 
mplies that it is the slower establishment of an α-Al 2 O 3 layer on 
he alloy surface which makes the alloy susceptible to nitridation. 
s mentioned above, the nitrided grains exhibit morphology iii 
bright contrast in plan view corresponding to a very thin alumina 
ayer, see Figs. 5 and 7 ) or iv (dark contrast in plan view and a
hick, rough alumina, see Fig. 7 ). That grains with orientations sup- 
osed to further the formation of a fast-growing metastable alu- 
ina scale exhibit very thin alumina layers after nitridation ( Fig. 5 ) 
ay seem counter-intuitive. To resolve this apparent paradox, it is 
rgued that nitridation has started in the early stages of the ex- 
osure, at a time when the surface is covered by a thin layer of 
ransient alumina which is permeable to N 2 . 
A typical example of morphology iii is in Fig. 5 , showing ni- 
ridation of a (112) oriented grain, the scale covering the nitrided 
one being much thinner than on the surrounding sound alloy. The 143 bsence of large RE-rich particles is notable. The scale consists of 
hree layers; a top alumina layer containing defects and cracks and 
ncorporating CrN and Cr 2 N particles; a bottom discontinuous AlN 
ayer; and a middle layer consisting of remaining alloy which is 
ully Al depleted and partially depleted in Cr. The three-layered 
cale is suggested to have formed in the following way: Initially, a 
hin transient alumina layer forms which is permeable to nitrogen. 
ecause the alloy substrate in contact with the alumina layer is Al 
epleted, the nitrogen dissolving into the alloy must reach deeper 
nto the substrate in order to form aluminium nitride, causing the 
ottom AlN layer to form. The early ingress of nitrogen and forma- 
ion of an AlN sub-layer getters Al in the alloy matrix, effectively 
topping further growth of the alumina layer. In this scenario, early 
itridation thus makes the formation of a protective alumina scale 
irtually impossible. 
In this situation, the flux of nitrogen past the discontinuous AlN 
ayer into the alloy, results in formation of a deep nitrided zone. 
ith time, the AlN layer in the scale is partly converted to oxide 
 Fig. 5 b ), showing that oxygen has dissolved into the remaining al- 
oy. Also, nitrogen reacts with chromium in the Al-depleted alloy 
nd forms Cr 2 N and CrN. With time, the chromium still present 
n the remaining alloy reacts with water to form chromia. It is 
uggested that the nitrided grains exhibiting a thick and rough 
cale (morphology iv ) are only partially nitrided, allowing alumina 
rowth to continue over part of the grain surface. 
An inspection of Fig. 7 shows that the (112) orientated bcc alloy 
urface which promotes both outward alumina growth and alloy 
itridation, features a lower atomic density than other low-index 
lanes, e.g., (100) and (101). This suggests that the atomic sur- 
ace density influences the early growth of the alumina scale so as 
o affect both α-alumina formation and the ability of the scale to 
rotect against nitrogen ingress. Further investigation is needed to 
lucidate the mechanisms behind this trend, e.g., by molecular dy- 
amic simulations of the surface atoms in various crystallographic 
rientations. 
The observation of CrN and Fe-rich alloy particles sitting on top 
f the alumina scale covering the nitrided zones ( Fig. 4 ) is reminis-
ent of a paper by Grabke et al. [49] reporting that nitridation of 
 Ni-Cr alloy in a NH 3 -H 2 O mixture caused metallic (Ni)-particles 
o appear on the surface of the nitrided alloy. It was suggested 
hat the volume increase due to internal nitridation was responsi- 
le for the formation of the external particles, the resulting “pres- 
ure” causing a flux of solid material to the top of the scale. In the 
resent case, the formation of “external” CrN particles is instead 
ttributed to solid state diffusion. The formation of Cr 2 N and CrN 
recipitates in the Al depleted layer beneath the alumina scale is 
hown in Fig. 5 . CrN particles which are in contact with both the 
as and the alloy substrate are suggested to grow by an electro- 
hemical process similar to the thermal growth of oxide layers: 
 / 2 N 2 ( g ) + 3 e − → N 3 −( CrN ) At gas / CrN interface (2) 
r ( ss ) → C r 3+ + 3 e −( CrN ) At alloy / CrN interface (3) 
r ( ss ) + 1 / 2 N 2 ( g ) → CrN ( s ) Sum reaction (4) 
CrN is a rock-salt structured metallic nitride where the Cr 3 + 
ons are situated in the octahedral interstices in an fcc arrange- 
ent of nitride ions. The small rCr 3 + /rN 3 − ratio ( = 0.42) implies 
hat it is a cation conductor. Hence, a CrN crystal situated at the 
lloy gas interface is expected to grow outward, explaining why 
rN particles appear to sit on the top surface. The appearance of 
emaining metal on the surface may be due to a local increase 
n pressure due to chromium nitride growth, according to Grabke 
49] . In the presence of N and Cr gradients in the Al depleted 
etal, CrN crystals that precipitate beneath the alloy/gas interface 















































































re also expected to grow outward, towards the surface. This may 
ause parts of the depleted alloy to become disconnected from the 
ulk alloy. 
.2. Failure mode II: The effect of carbide precipitates 
The quasi-in-situ experiments ( e.g., Figs. 7 and 9 ) give evi- 
ence of alloy nitridation at the interface between the alloy and 
he carbide particles, showing that the alumina scale formed at 
hromium-rich carbide particles is locally non-protective. While 
hromium-rich carbide precipitates (i.e., M 23 C 6 and M 7 C 3 ) are 
ommon in many high-temperature alloys, including Nikrothal 
M58, their influence on the formation of protective oxide scales at 
igh temperatures has not been studied much. The growth of pro- 
ective alumina scales is expected to be affected by carbide parti- 
les because the aluminum needed to form alumina on the particle 
annot be provided by diffusion across it, as chromium-rich car- 
ides reportedly do not dissolve aluminum [50,51] . Thus, an alu- 
ina scale growing on a carbide particle at the surface must be 
upplied with aluminum from the surrounding alloy. The results 
how that the scale at the carbide particles differs from the sur- 
ounding base alumina by being significantly thicker and made up 
f a mixture of α-alumina and MgAl 2 O 4 spinel, the base oxide only 
onsisting of α-alumina. Concerning the appearance of MgAl 2 O 4 it 
ay be noted that alumina-forming high-temperature alloys often 
ontain on the order of 100 ppm (by weight) of Mg. Because of 
he high affinity of Mg for oxygen, Mg 2 + is enriched in the alu- 
ina scale. Also, Mg 2 + has a relatively high diffusivity in oxide 
cales, causing it to accumulate at the scale/gas interface. Accord- 
ngly, there are several observations of MgAl 2 O 4 spinel in alumina 
cales on high-temperature alloys [52] . Similar to Al, there is little 
vidence for solubility of Mg in chromium-rich carbides. However, 
g has been reported to segregate to the interface between Cr-rich 
arbide particles and the alloy substrate [53] . Hence, the magne- 
ium source in this case is likely the interface between the carbide 
nclusion and the alloy. 
The mixed spinel/corundum scale on top of the carbide parti- 
les is suggested to have formed in the following way: During early 
xidation, i.e. during heat-up, the growing scale mainly consists 
f transient alumina, e.g., γ -Al 2 O 3 . Due to Mg oxidation, the tran- 
ient alumina in the vicinity of the carbide particles become heav- 
ly doped with Mg 2 + , i.e., to form γ -Al 2-x Mg x O 3- ½x . (The maxi-
um solubility of divalent cations in γ -Al 2 O 3 at 900 °C is close 
o 20 % (cationic) [54] ). Importantly, doping with divalent cations Fig. 13. Schematic illustration indicating how the size of the RE rich particle
144 s known to stabilize transient alumina [55] . Hence, the relatively 
ast-growing transient alumina is expected to transform later in 
he vicinity of the carbide particles, explaining the relatively thick 
cale observed at these sites. The spinel/corundum mixture is sug- 
ested to have formed according to: 
− A l 2 −x M g x O 3 −1 / 2x → ( 1 − 3x / 2 ) α − A l 2 O 3 + x MgA l 2 O 4 (5) 
s described by Fang et al. [54] . According to the discussion on 
he substrate orientation effect, transient alumina scales have rel- 
tively poor ability to protect against nitrogen ingress. This im- 
lies that the alloy is susceptible to nitridation at these locations 
ecause the transient alumina is stabilized through Mg 2 + doping. 
lso, MgAl 2 O 4 spinel was observed to be in contact with underly- 
ng carbide precipitate (not shown), suggesting that the spinel ox- 
de may play an active role in nitrogen transport across the scale. 
.3. Failure mode III: The dual role of RE-rich particles 
The high density of RE-rich nanoparticles in Kanthal APMT (c.f. 
ig. 1 ) is crucial for its excellent oxidation resistance and creep 
trength at high temperatures [18] . A recent paper has provided 
ew insights into the role of the RE-rich particles and water in the 
arly growth of alumina scales on FeCrAl alloys [19] . A combination 
f experiment and theory showed that Y and/or Zr enriched alu- 
ina pegs enable water to access an inner cathode situated close 
o the alloy/ peg interface, water penetrating via Y 3 + (or Zr 4 + )-rich 
nterfaces between alumina nanograins in the pegs. 
The present study shows the crucial importance of the size of 
he Y- and Zr-rich particles for oxidation performance. Thus, nano- 
ized Y- and Zr-rich particles become incorporated into the base 
lumina and facilitate its inward growth and are beneficial for the 
xidation performance of the alloy. In contrast, the relatively few 
arge RE-rich particles (mainly the Y-rich type) cause cracks in the 
cale which can cause nitridation. The cracks are likely due to the 
tresses induced by different growth rates of the base alumina 
nd the faster growing alumina pegs. The schematic presented in 
ig. 13 summarizes investigations of a large number of alumina 
egs formed around RE-rich particles of varying sizes. 
A principal finding, based on a large number of cross-section 
mages (see, e.g., Figs. 10–12 and [19] ), is that there is a “criti- 
al” RE particle size, above which void formation and cracking of 
he scale occurs (see, e.g. , Fig. 12 c and d ), decreasing the ability of
he alloy to resist nitridation. It is emphasized that the nitridation 
hown e.g. , in Fig. 12 corresponds to early stages of the nitridation s affects the ability of the alumina scale to protect against nitridation. 















































































rocess and may develop into the characteristic nitridation mor- 
hology in Fig. 3 . It is expected that the critical RE particle size
epends both on the alloy and on the gas composition and tem- 
erature. In the present case, the critical RE particle size for the 
eCrAl alloy was ~400 nm. 
In early studies of the effect of RE microalloying on the oxida- 
ion behaviour of alumina-forming alloys, it was proposed that the 
haracteristic “pegs” in alumina scales formed at large RE particles 
often several μm in diameter) were beneficial because of a “me- 
hanical keying” effect which increased scale adhesion [56–58] . On 
he other hand, it has been noted that large RE-rich oxide particles, 
esulting from the oxidation of coarse RE particles, cause pores and 
icro-cracks in the scale, impairing the oxidation properties [59] . 
he latter interpretation is in accordance with the present obser- 
ations ( Fig. 12 ), implying that the scale cracks at large oxide pegs
erve as channels for N 2 , causing alloy nitridation. These observa- 
ions suggest that oxide scale defects associated with large (mainly 
-rich) RE particles, which make the material susceptible to cor- 
osion, is a feature common to all alumina-forming alloys. Also, 
he results suggest that the so-called RE overdoping, meaning the 
etrimental effect on oxidation and corrosion properties of adding 
oo much REs (  0.1 at. %) to the alloy is related to RE particle size
ather than to the RE concentration. 
In summary, by investigating the corrosion of a FeCrAl and a 
eNiCrAl alloy in a strongly nitriding environment, the present pa- 
er highlights imperfections and weak points in the alumina scales 
ormed. This is first investigation of how the detailed morphology 
f the alumina scale depends on grain orientation in a polycrys- 
alline alloy and it identifies three modes of scale failure. Each fail- 
re mode corresponds to a certain way by which nitrogen can by- 
ass the α-alumina layer which, in itself, appears to be imperme- 
ble to nitrogen. While the thermodynamic driving forces are the 
ame and the corrosion products are similar, each failure mode is 
ssociated with a characteristic morphology of nitridation. The first 
ailure mode only affects grains in the FeCrAl alloy having cer- 
ain crystallographic orientations that favour transient, outward- 
rowing aluminas rather than α-alumina. The second mode is con- 
ected to Cr-rich carbide precipitates in the alloy where transient 
lumina growth and MgAl 2 O 4 formation are promoted by traces of 
agnesium. The third failure mode involves cracks and pores in 
he α-alumina scale formed at large oxide pegs which are related 
o large Y-rich precipitates. 
The three modes of failure described may also be relevant for 
ther alloy systems and can inform the development of alloys with 
uperior oxidation properties. Thus, the ability of FeCrAl alloys to 
ithstand nitridation may be improved by controlling the orienta- 
ion of alloy grains at the surface and by minimizing the number 
ensity of large Y-rich particles. For the FeNiCrAl alloy, a similar 
mprovement might be achieved by decreasing the Mg content of 
he alloy and by minimizing the number density of large Y and 
r-rich particles (detrimental effect of large REs also influences the 
xidation behaviour of FeNiCrAl, see e.g. Fig. 3 c ). 
. Conclusions 
Controlled exposures of two high-temperature FeCrAl and FeNi- 
rAl alloys in a strongly nitriding environment at 900 °C, combined 
ith a quasi-in-situ surface characterization, revealed that nitrida- 
ion started at imperfections in the alumina scale, the continuous 
-alumina scale being impermeable to nitrogen. The principal find- 
ngs are: 
• Nitridation only occurred at specific surface locations and ac- 
cording to three distinct failure modes. 
• In the FeCrAl alloy, only grains with (112)- oriented bcc surfaces 
suffered nitridation, except in the immediate vicinity of large 145 RE-rich precipitates. The same class of (112)- oriented grains 
also formed a rough, outward-grown scale, originally consist- 
ing of transient alumina. The (112) orientated bcc alloy surface 
features a lower atomic density than other low-index planes, 
e.g., (100) and (101), suggesting that the atomic surface den- 
sity influences both the ability to form α-alumina during early 
growth of the alumina scale and the ability of the scale to pro- 
tect against nitrogen ingress. 
• Inward-grown oxide pegs formed at RE- (yttrium and zirco- 
nium) rich inclusions in the FeCrAl and FeNiCrAl alloys. RE-rich 
particles larger than a “critical” size give rise to correspondingly 
large oxide pegs that were associated with voids and cracks in 
the alumina scale, making the alloy susceptible to nitridation. 
• The FeNiCrAl alloy suffered nitridation at chromium-rich car- 
bide precipitates, and the alumina scale formed at the particles 
was outward grown. The susceptibility of these sites for nitrida- 
tion is attributed to stabilization of transient alumina through 
Mg 2 + doping. 
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